Background Coronary artery fistulas (CAFs) are infrequent anomalies, coincidentally detected during coronary angiography (CAG). Aim To elucidate the currently used diagnostic imaging modalities and applied therapeutic approaches. Materials and Methods Five Dutch patients were found to have CAFs. A total of 170 reviewed subjects were subdivided into two comparable groups of 85 each, treated with either percutaneous 'therapeutic' embolisation (PTE group) or surgical ligation (SL group).
Introduction
Treatment of congenital coronary artery fistulas (CAFs) is dependent on the presence of symptoms, the clinical significance of the fistula, the haemodynamic shunt magnitude and the morphological appearance and characteristics of the fistula visualised with different imaging techniques. In symptomatic adult patients with a large left-to-right shunt, a percutaneous approach for occlusion of the fistula can be accomplished by using detachable balloons, coils, microcoils, stent grafts and Amplatzer occluder devices [1] [2] [3] [4] [5] [6] [7] .
Surgical ligation techniques include intracardiac and extracardiac closure combined with proximal and distal ligation of the fistula [8] [9] [10] [11] [12] .
Diagnosis of the entire fistula (origin, pathway, and termination) is accomplished with multimodality invasive and non-invasive imaging techniques. A multidisciplinary therapeutic team (interventional radiologist, interventional cardiologist, and standby cardiac surgeon) might be needed for these patients [3] .
The treatment strategies in the currently presented five patients were surgical ligation in one patient, percutaneous occlusion of the fistula using microcoils in one patient, and medical management and watchful waiting policy in three patients.
Comparison of percutaneous approaches and surgical ligation is outlined with a review of the literature.
Materials and Methods
From June 2007 to November 2009, five adult patients were diagnosed with congenital CAFs coincidentally detected during conventional coronary angiography (CAG). The patient data are summarised in Table 1 . Patients were evaluated for palpitations and oppressive feeling in the chest (patient 1), progressive exertional dyspnoea (patient 2), episodes of oppressive chest pain radiating to the left shoulder that were nitroglycerin sensitive (patient 3), ST-elevation myocardial infarction with inferior localisation (patient 4) and acute coronary syndrome (patient 5). There were two males and three females with a mean age of 59.4 years (range 40-78). There was no evidence of associated congenital cardiovascular disorders. All patients underwent conventional CAG where the CAFs were detected.
Significant atherosclerotic coronary artery disease (CAD) was defined as luminal stenosis of ≥75% in the epicardial coronary arteries or their main branches. Rest 12-lead ECG was performed in all patients. Transthoracic echocardiography (TTE) was performed in four patients. Four patients underwent multidetector computed tomography (MDCT). Myocardial perfusion tests were performed in two patients (patients 1 and 2). Cardiovascular magnetic resonance (CMR) and positron emission tomography (PET) were performed in one patient (patient 1).
Management
Three patients received conservative medical therapy for fistula management (patients 3, 4, and 5). Percutaneous therapeutic embolisation (PTE) was performed in one (patient 1), and surgical ligation (SL) was performed in another (patient 2).
Results
Selective CAG demonstrated a dilated and serpiginous circumflex coronary artery (Cx) terminating into the coronary sinus (CS) (patients 1, 2, and 3) (Fig. 1a, b and c), and the left anterior descending coronary artery (LAD) and the right coronary artery (RCA) were dilated and tortuous. From both arteries, multiple small and large fistulous vessels as well as vascular structures originated and terminated in the pulmonary artery (PA) (Fig. 2a, b) . The morphological anatomy of the fistulous vessels from the LAD to the PA had the appearance of an 'Asian dragon' (Fig. 2c, d ) (patient 4), and from the proximal segment of the LAD, a solitary fistula originated and connected to the PA (Fig. 3 ) (patient 5).
Three patients were free of atherosclerotic CAD (patients 1, 3, and 4). One patient had minimal luminal irregularities of the coronary arteries (patient 2), whereas another patient with an LCA-PA fistula had significant stenosis of the RCA.
All patients remained in sinus rhythm, and none of the patients developed atrial fibrillation. A complete left bundle branch block (patient 1) and an incomplete right bundle branch block (patient 2) were observed. The ECG was compatible with acute inferior wall myocardial infarction in one patient (patient 4). TTE was normal in patients 1 and 3, and mild left ventricular hypertrophy was detected in patients 2 and 4. The presence of a fistula was echocardio-graphically suspected and mild pulmonary hypertension was estimated in patient 2. Mild atrioventricular and semilunar valvular incompetence were found in patients 2 and 4.
Myocardial perfusion revealed an apico-anteroseptal defect without reversible ischaemia in one (patient 1) and dubious anteroseptal ischaemia in another (patient 2). Both had a left ventricular ejection fraction above 0.60. F female, M male, CMR cardiovascular magnetic resonance, MDCT multidetector computed tomography, PET positron emission tomography, CC cardiac catheterisation, CAG coronary angiography, RCA right coronary artery, Cx circumflex coronary artery, LAD left anterior descending coronary artery, CS coronary sinus, PA pulmonary artery, PCI percutaneous coronary intervention, PTE percutaneous transluminal 'therapeutic' embolisation, SL surgical ligation, SR sinus rhythm, LBBB left bundle branch block, RBBB right bundle branch block, IMI inferior myocardial infarction, COPD chronic obstructive pulmonary disease, DM diabetes mellitus, NA not applicable CMR imaging failed to visualise the distal segment of the fistula and its termination into the CS (patient 1), but it showed a dilated proximal segment.
PET scanning revealed reversible myocardial ischaemia in the distal inferior segment of the left ventricle using adenosine stress and rest 13 N-ammonia (Fig. 4a) . The stress/rest ratio was 3.12 (LAD 2.89=33%, RCA 1.18= 13.5%, and Cx 4.68=53.5%). Blood flow across the Cx (fistula-bearing vessel) (53.5%) was much (approximately fourfold) higher than the RCA (13.5%) and caused relative ischaemia of the inferior myocardial segment, which is supplied by the RCA.
On MDCT, the fistula was confirmed in four patients (patients 1, 2, 3, and 4). The Cx was dilated, tortuous and ended in the CS (patients 1, 2, and 3). Tortuous, serpiginous and dilated vascular structures were observed arising from both the RCA and LAD and terminating in the PA (patient 4). Dilatation of the coronary venous system was present in two patients (patients 2 and 4). The Cx was dilated (8 mm in diameter) with a very tortuous course (Fig. 4b) . 
Management
Three patients (patients 3, 4, and 5) received conservative medical management (CMM). Two were treated medically with a β-blocker (patients 3 and 5) and continued on watchful waiting (patient 4). PTE was performed in one (patient 1), and SL was performed in another (patient 2).
A PTE procedure was performed (patient 1) by an interventional cardiologist and an interventional radiologist for transcutaneous occlusion of the fistulas utilising multiple microcoils. The largest fistula was occluded using a thread coil of 12 mm×20 cm, two of 5 mm×8 cm and a VortX coil of 4×4 mm. The small fistula was obliterated by three VortX 4×4 mm coils. Immediately at the end of the procedure, CAG demonstrated complete occlusion of the large fistula and significant reduction of flow in the small fistulous vessel (Fig. 4c) .
In patient 2, surgical ligation was performed based on the following findings: clinical data, size of the fistula, mild pulmonary hypertension and angiographic morphological aspects of the fistula (Fig. 1b) . Postoperative recovery was uncomplicated.
One patient (patient 5) underwent a successful PCI procedure with the deployment of two bare metal stents (Prokinetic) across the stenotic segment of the RCA.
Review Subjects
A total of 170 subjects with congenital CAFs treated either percutaneously or surgically were collected from the literature. The cohort was subdivided into two comparable groups ( Table 2 ). The first group included subjects treated with a percutaneous transluminal 'therapeutic' approach (PTE group, n=85 patients) [1] [2] [3] [4] [5] [6] [7] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] , and the second group had subjects treated with surgical ligation techniques (SL group, n=85 patients) [8-12 23-42] .
In the PTE group, the mean Qp:Qs was 2.06:1.0. Confirmation of complete occlusion of the fistula was assessed post-procedurally by clinical examination and one or a combination of the following imaging techniques: phonocardiography, echocardiography, myocardial perfusion test, and CAG [16, [18] [19] [20] 22] .
Complete closure was reached in 93% and nearcomplete closure in 4%. Urgent CABG was needed in 3% of the subjects (2 patients) due to myocardial infarction secondary to thrombotic occlusion of the fistula-related coronary artery in one patient and severe stent obstruction of the left main stem in the other patient [7, 14] . The materials used for closure of the fistula were as follows: detachable balloons (latex and silicone), stainless steel coils (Gianturco coils), platinum microcoils, polytetrafluoroethylene (PTEF)-covered graft stents, Amplatzer duct occluders, Amplatzer septal occluders, and floppy tips of guidewires [2] [3] [4] [5] [6] [7] [14] [15] [16] [17] [18] [19] [20] [21] .
In the second group (SL group), the mean Qp:Qs was 2.04:1.0. Postoperative confirmation of complete occlusion of the fistula was achieved by clinical examination and one or more of the following imaging studies: echocardiography, MDCT, myocardial perfusion test, cardiac catheterisation, and CAG. Complete closure was reached in 97%, and near-complete closure was reached in 3% of the patients. Intracardiac and extracardiac closures were combined with proximal and distal ligation of the fistula [8] [9] [10] [11] [12] . Follow-up periods in both groups were 2.4 years (range 1 month-13 years) for the PTE group and 2.2 years (range 3 months-9.6 years) for the SL group.
Statistical Analysis
Values were expressed as means, averages, and percentages.
Discussion
CAFs are coincidentally detected, as demonstrated in all of the patients in the current series, during a conventional CAG performed for assessment of suspected coronary heart disease. However, conventional CAG has a twodimensional imaging pattern that limits its ability to visualise the entire fistula. In the angiographic series by Vitarelli et al., termination of fistulas into the coronary sinus or right ventricle could not be delineated by conventional CAG in 19% of patients [43] .
Although conventional CAG remains the gold standard for detection of congenital or acquired CAFs, Kacmaz et al. has suggested that 16-slice MDCT may serve as an alternative non-invasive diagnostic test to visualise coronary artery anomalies, especially CAFs coursing between two vascular territories (sensitivity 87%) [13] .
Non-invasive coronary angiography using MDCT has recently been reported by Achenbach et al. [44] . and by Datta et al. [45] . MDCT has excellent spatial resolution [46, 47] , which has improved tremendously due to the increase in the number of detector rows to 320 slices [48] . The diagnostic accuracy and sensitivity of MDCT in CAFs was determined by Kacmaz et al. in 2008 to be 58% for fistulas coursing between coronary arteries and cardiac chambers and 87% for fistulas coursing between two vascular structures with an overall sensitivity of 73% [13] . In this report, MDCT could not detect 27% of CAFs previously diagnosed with CAG, particularly CAFs originating from the RCA or LAD with outflow into the right atrium (RA), left ventricle (LV) or pulmonary artery (PA). In our patients, MDCT confirmed the diagnosis, and the origin; course and termination were clearly delineated.
Reports have been published regarding multimodality non-invasive and invasive diagnostic imaging of congenital [49] and acquired [50] CAFs in adults as well as exclusively non-invasive diagnostic tests [51] .
With MDCT, the anatomy of the fistula and the coronary arteries and their relationship to other adjacent structures can be delineated. An additional advantage of MDCT is its ability to assess the venous system of the heart. Dilatation of the coronary venous system was clearly recognised in two patients in our current series.
In the presence of a large aneurysm, MDCT illustrated the circumflex-coronary sinus fistula but failed to delineate the RCA-RV fistula [52] .
As was the case in one of our patients, CAFs could be suspected by TTE [43, 53] . However, TTE is inadequate to delineate the entire fistula (origin, pathway and drainage sites). In the series of Vitarelli et al., TTE was suggestive of CAFs in 27% of the patients, but transoesophageal echocardiography (TEE) adequately diagnosed the origin and termination of the fistulas in 100% of the patients. In 19% of these patients, conventional CAG was unable to identify the precise site of drainage [43] . With the application of three-dimensional transoesophageal [25] or contrast echocardiography [49, 54] visualisation of the drainage sites may be increased. TEE may act as a complementary non-invasive diagnostic imaging test to determine termination sites [43] . Two-dimensional echocardiography failed to define the anatomical and functional features of a fistula in a patient with a large aneurysm due to deformity of the surrounding structures [52] .
Lehmkuhl et al. reported the use of fully non-invasive diagnostic methods (64-slice MDCT and CMR) to assess functional characteristics and to visualise the anatomic features of the fistula without a need for CAG [51] . The application of the 64-slice MDCT and the 16-slice MDCT have also primarily been used by Oncel and Kacmaz, respectively, to visualise CAFs [13, 55] .
CMR has been applied to the identification congenital CAFs [56, 57] . CMR was able to detect CAFs correctly in 85% of patients with angiographically diagnosed fistulas, and full determination of origin and drainage site was accurately achieved in 93% [58] . As in our first patient, failure of CMR to detect the fistula has been described previously [27, 52] .
Positron emission tomography scanning ( 13N ammoniaadenosine) in congenital CAFs (Cx-CS) can be of great value as a non-invasive diagnostic technique to assess the flow ratio of the different coronary arteries. As in the first patient, the amount of flow crossing the left Cx was increased up to fourfold that of the RCA and 1.6-fold of that of the LAD. 'Steal phenomenon' was observed as the ratio of regional distribution disturbance between both territories with increase in Cx flow by 20% (the difference between Cx 53.5% and RCA 13.5%). Based on these findings, angiographic characteristics and MDCT features, percutaneous transluminal 'therapeutic' embolisation was indicated.
To the best of our knowledge, this report is the first documented application of positron emission tomography (PET) 13 N-adenosine scanning in congenital Cx-CS fistula. PET imaging offers the unique opportunity for absolute quantification of myocardial perfusion reserve. The advantages of PET techniques in various cardiovascular disorders have been described in previous studies. [59, 60] Two of our patients presented with acute myocardial infarction (MI) and acute coronary syndrome; in one patient, MI was present ipsilateral to the shunt (patient 4), and in the other patient, it was located contralateral to the fistula (patient 5). In both, the presence of CAFs may have facilitated the acute coronary event. Responsible mechanisms may be either thromboembolic complications (in patient 4) due to turbulence of flow in the fistulous vessel and/or hypoperfusion of the stenotic coronary artery. This exaggerated ischaemic changes due to deviation of coronary blood flow into the fistulous vessel in the second patient (patient 5).
Percutaneous transluminal 'therapeutic' embolisation (PTE) has been advocated by many investigators as the current therapeutic strategy of choice for congenital CAFs in amenable morphological fistula anatomy [1, [20] [21] [22] 61] . A multidisciplinary approach was performed by Syed et al. [3] . The reported success rate was 87% in India [21] , 93% in Russia, [20] 82% in the United States [19] and 97% in the United Kingdom [1] . In surgically treated patients in the series of Shuiyun et al., no residual shunt was found before hospital discharge [9] . The reported recurrence rate in the literature for SL is 25% [19] and 9-19% for PTE [19, 62] .
In the SL group the origin from the LCA was more frequent (80% versus 62%), the tortuosity of the fistulous vessels was more prevalent, and aneurysmal formation was more common than in the PTE group. Furthermore, bilateral fistulas composed 11% of the SL group and 1% of the PTE group. Unilateral fistulas were comparable in the SL group and PTE groups, 89%, and 99%, respectively. Associated congenital or acquired cardiovascular disorders were frequently present in the SL group (23%).
Three patients of the current series were treated conservatively. Many reports have been published describing conservative medical management (medical and watchful waiting) in patients with congenital CAFs [63] [64] [65] [66] .
Therapeutic strategies in the recently reported series of Abdelmoneim et al. were CMM in 56.7% of patients, SL in 23.3% and PTE in 20% [67] .
Conclusion
CAFs may have a complex anatomy; therefore, performing several diagnostic imaging techniques during pre-treatment workup is inevitable. A complementary multimodality approach to imaging can be used to reach an optimal informed management decision.
Determination of the optimal non-invasive test during follow-up and confirmation of complete closure of the fistula after surgical or non-surgical interventions remain to be solved, but both should be tailored to the patient's needs and the available institution's or country's facilities.
